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A Study of the L.chanism of Scabbing of Steel
Pl'tes by E4loave Attack.

RoF.Wilknson and Ed de L. Costello

Plate& of rild steel have bee subjeczed to attack by cylinders of
plastio oxplosive Ind the dimenaions of the reRulting craters and scabs have
ben determined. The time of arrival of the detonation wave at one surface,
and the displaoent-time curve oyer 'he first 0.2 in. for the other surfoke,
have also been fown-. Fr tho measurements the variation of preswire at
the shook front with distance travelled through the steel has been determined,
and walues for the shook nave velocity at different raaeures have been
obta' nod, The results are in substaIa agreemant Tith those predictsd
thectrtioally, Previous work relevant to the subject has been eauined &nd
the various f'ctors influercI g the scabbing phwxmmo have been ditkcusaed.
Tn the lifht of both this .iscussion and the results of the frezent work,
the dependnce of the shape or thn stress wave on the charge dimnfnions aii1
the distance travelled has Lven qualitatively determined; the effect of both
charge and pLi t d!iwrniorw on the dinetsions of the srb forced -ts been
asoounted for.
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It is well kruon tbt, when & slob of explosive in dettd in contact
with a steel plate, the suface of the plate remote from the explosive is
soasbd; that is. a Praoture **our* now to tbo free surface parallel with
the surface ewi & piece of motal may be detached. In this country the toa
scebbing is restriated to those asses where the piece of motal is actually
detached, but in the United States the term Also includas those cases in
,4ih only the fracture parallel to the surface cocura.

This effect has been asag use of in the *qasb-bead projeotile dasigned
for the defeat of toaok armort. This weapo onsiata of a relatively thin-
nosed shell filled with plastio eAploaive or RM-wax and base-fuseL. On
impact with the target the nose of the shell collapse& and the explosive
flows into a slab of disimetr greater than that of the original shell. At
a suitable instant the fuse initiates the explosive fron behind. A large
minber of firing trials have been carried bat in this country (1, 2) and
also in the United 3tates and a lot of rather empirical inforation has
been olleoted together onoerning the explosive and wab dimensions.

The work desoribed in this report was undertaken in an atteapt to
throw sme light on the basic meohanism of the scabbing prooess A oe
CopG.e o iWrsatnaing of this a-y arable isprovements to be sads in the
weapo or, at least, enable the limitations of the weapon to be appreoiated.
In the work cylindrical charges of plastio explosive were detated in
*onto* with -1d steel glate and attempts wer-e inds to Aeasur the sab

djimnsions. the shook wave velocity through the plats, and the displacement-
time curve of the free surfaoe.

2. Review of Previous Work

The effeot of the tranisassion of a transient ooarosaional wave
through metal was first studied by Ukiopnaon (3) and later by Landon (4)
and Dvies (5). Hopiclnson studied the effect produced by the impaOt of
a bullet an a cylindrioal steel bar by a weLhod which is still extensively
used. Onesider a oylindar of mterial divida1 into two parts, A and B
(fig. Is), and subjected to & pressure pulse as abobn. ihen the
oapreasion wave reaches the free suwrface it is refleated as a tension
wave uf equal mantuds (fig. lb) in order to satisfy the boundary
conditions that the pressure at the free surface should remain unchanged.
When the refleoted tension wave reaches the boundary of the pieces, x - X,
the Joint has no strength in tension an the two parts fly apart. If the
thioLems o r is greeter than half the wavelength of the pulse, all the
acmntum will be trapped in it and this will be equal to the area under the
streas-tlnm ourve. If the th.icness of B is less than half the wavelength,
the ment" trapped in it is equal to.-

(t) dt

where o(t) a stress at tLme t
T = time for meve to travel twice the thi.ns of 3.

By vvxjing the thtkic ess of B and issurihS its .Amntua, a stress-t m
curve can be oanstrmated.

The mechanism of smbbing is clearly rr sixilar to thio. If we
consider a oampreamicrl wse" with an instantaneois rise time and a jraual
domy, produced o$ dtaonating explosive, tranmitted into a steel plate, it
will be refleated from the free surface a:. tension wve, os desoribed above
and soewn LA fig. 2. Tbs unbroken tne rpresents the rtsultant stres
pattern utfter rtfleation. 2lerly, wit,% ifsing time the resultant tenso i
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stress (ab) Doves further into the plote and inreeses in ampltude. When
the amplitude (ab) becaus equal to the dvximsio tensile streogtb of the
mteri , Yj) froturo oocurs. It is inportant to note that fratur
oomars at s distance from the msutaoe, 6, equa to on belf the diatanoe
withiA the atress we ourrespon1ng to a fall in stress equal to the
tensile strength. HIeowe sab thicknea s at dirot indioation of the
rate of decease at stress behind he wave front and is independent of the
height of the front, provided that the stress is large enough to cause

soabbingt.
Rinehart (6) has reported a series of experiment& in which he used &

Hopkinson teohnique to study the shape of the stress pulse applied to
steel plate& by cinder* of explosive. He used cylinder& of explosive
1 in. diamter and 2 ins. long, placed on stel plates 1.5 to 3 ins. thiok.
Sall pellet1 of steel 1/16 to 3/1* in. thiak were stuck tu the free foe on

the axis of the oharge a"d their velocities meosured. With this data, and
aoaming a owstant wave velocity equal to the elastio wave velocity (Y,),
a stres--time ourve was oeloualte4 (fig. 3) from the equation

where density
v - velocity

It should be reme?"red that all the plates used were too thiok to
e-Iet!ci e soab to detach and that in many asses the wave amplitude is only
slightly greater then the yield stress. It will be seen below that it
wmld probably be better to use a velocity rather lower than the elastio
velocity. Fig. 3 shows clearly that the amplitude of the wave-front
decreases rapidly with Plata thjckness, but that the later stress inarements
tend to becoe. larger. ainehart suuosts that energy may be fed froa the
front of the wave to the back if different parts of the wave are transaitted
with different vlooities. It was found that a 1.5 in. steel plate gave
a aso 0.1 ins. thick and that 2 and 2.5 in. plates gave cracks 0.17 and
0.25 ins. froa the urfacoe, while 3 in. plates showed no cracks. Using
this data, attempts were made to calculate the critical fraotu stress;
the results were rather varied but were between i and 1 .5 x 10r0 dYnMe% 2 .

In another paper (7) Rinehart has studied the dimensions of the orator
produced at the explosive motal interfaeo and also the ctallurgielo
properties of the attaok*e steal. Charges 2 i"s. long were fired against
steel plates. It was faind that imediately beneath the orater, which was
pprmooitely coical in shape, there was a region of very severe old-,

worinag, the volume of which increased as the volume of the orator.
Sam dimenasios are sbovn in Table I below.

Table I

Dis. of Depth of T rtal ome Ttdckrw"s of Va~ue Vo-lume Of cold-
obarge cater Angle oold-worked rater sorked region

(l..) in.) (64a.) region (ins&. in' (13)
0.059 152 .157 T o.o>2

1*0 o.138 156 0.258 0.073 0.231

.5 o.2 6 o5 .33 o.062 0 t

.0 0.276 161 _ .__ 0.51. 0.67

The sape of the water My thrCo ame lijht on the stress distribution
&woes the aplosive-etal inTrfacO, altough the precise quantitative
relation is sc4tmwn. The 6aptb of the water is met likely to be
determ ad tV the tot&l impualse, altb gh the shape of the strese.-ti.; curve
it pribbly ImApartant.11I

L5 .--
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2.aWU t -eAs, we me a neoti4ae ssagqie anA i±,
Ot 00 e ~ 4rW * SW 4e600&te A typical examp8 is sbcon in tig. 4. Tbe
WOV ww wd esi beaeth vas w 4er tben the rest ot the -- t.iaL.

1bPosmt 'we.; of t* w'icus regions we also abrna the region b gth
the big 1 worte4 r*a. ecutsied mw s abook twins.

MU (20) boa reported the temnlts of a large =mer at statio fUi-I
*piNt asmow plate; be studied charges 2-5 Ins. loag and arow 4, 6 an
8 iNs. tbok. The following4 oltasiooa were reagheds-

(1) Per a scab to be fonsed a critical area of explosive-metl interfaos
mot be exceeed for a given plate thickness.

(2) The aftb weight is independent of cbarge shape and the tbickss

and hr-sa at the arnmr.

(3) The scab weight in lbs. a o,%4. (charge area, n2-5

(4) Scab area . 1.5 x charge oontat area.

(5) Scab thickness - 0.096 z charge onotact diamter.

(6) rit tog am u thickess tor no scabbing a 1.4- (charge oomtaot

This work overed a fairly large range of ohrge parameters and the above
exesaio are no doubt aprwozxiately true, but the scatter of points an the
grapbs is very casiderable in m **ses. Our results do not altogether
ewee with these sairceal equations, although it must be remembered that the
results are for amraw plate, whereas our experiment& we with mild steel.

F3 (8) be am mm statio tests of cylindrioal oharges of plastic
explosive gainst aour plate. They found the ratio of critical plate
tWokse to cbarge cutaot dimter for scabbing to ootc was 1.06 tfr
plates 0.5 in. to 1.75 ins. thick. Hill's expeiments ahosed that this
fatr r Increased to about 1.25 for 8 in. plates. PM desoribed the general
appearssm at all the s*"bs. Toe depths of the araters frorm by the
explosive agreed ite closely with Hnahart's results reproduced above which
oure for in14 steel.

Bfore discussing the work on the mechaiam of the scabbing proces, it
will be useful to mention briefly the various wavos that can be propagated
tbrouh mterials. Wen a wire or relatively thin rod is subjeoted to an
Lgeot of relatively sall megnituds, so that the elastic limit of the
mterial is not exceeded, a longitudinal wave is proagated along it with

velocity,

shere 2 ur* nl 1'a uis
*q dnaity of the material

In an exten4od sld, however, lateral strains are prevented so that
Iteral et4se are set up and it can be shown that the yropaatin velocity
is ,kves by m eqpatian ontaining a two of the constants, oung's Modlus,
belk w il)s, r1oitty modlus, and Polison' a ratio. A onrenient equatian

whm X W kmodlus,
a Poisso's ratio

-3 I
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Using the fauming data for mild stool

X - 16.7x 16"
p- 7.83 g./as?

0 -0.289

it is found that To a 5950 96/000. A value very cloae to this bas been
obtained by Pack, vans and Jaews (9) under oorAxiticu very similar to ;hose
used in the present waft. Hughe eat al (10) have quoted 5880 ./seo. and
7YS a"d Vortier (it) 5950 a./soo.

WbOn the yield value of the material is axooedod, as in solids at
higher stres or in liquids &% all *tresses, the propagation velocity (Vp)
is determied only by the density and bulk modulus by the equation

Using the same data as above for mild steel, Tp in found to be 620 =./sao;
it should, bowever, be noted that this value vill only be found for
relatively low streassa, sine at higber stresms X and p wll both take on
different volue.

It Is only possible to obtain a omlete picoture of the wave propagation
in a solid if s comlete stress-strain diagren of the material is available;
this aut &lw repremoat the relationship at the appropriate rate of strain
a not nder the usual statio ondition. Saob ocmplete information for
the type of Vroblm under oona-deratian is never available. The at easee
involved in a detotion wave oev of the order of 2 x 1011 4ywxlp4a.I.
Bridgmn's (12, 13) &ta an ompressibility go up to about 2 x 1010 dms/e M2
so that drastic extrapolations are necessary, and, in any oase, it has been
abo n that boib ocapreaibility and yield value are function of rote of
strain. No experimental technique other than the use of explosives can
e-3y tese pressures sufficiently rapidly, i.e. in times of less than
I ot .O Bridgman's data on the ompressibility of steel up to 2 x 1010
4yn /o/. 2 are represented by an equation of the type:-

where A a Volume ohanbe

Vo . Initial Valft

p w Applied pressure
A a 5-91+. x io6A3
B . 0.6x 1 "2 +

Pock, Ivans and Jimes (9) used an equation developed on theoretical
grounda asuming that the pressur increases exponntially with interatomio
dt stan(O

in wc a a wA P are amlolsted frm, Bridgan' a saiirie1 t4 at lower
pe -smr. ,e alwe d were a a 120.16 x 1010 dTMS/oW. and .*.203
for mild steel. The prsesura-donity data obtained from these two equations
are shon In ?abla IU below.

t ! ...



,ri dma pack Br'idpa. pack

0 1.67 x ICl2 1.67 x i012 7.83 7.83

1.4 z 1011 1.90 0 1.86 8.30 8.31

2.0 2.11 a .02 8.4 8.68

3.0 2.41 2.17 8.92 9.07

The type of wave associated with the propqeation of a finite stress into
a mal has been studied extensively by van Karmu (% ) and othes for f ]rly
high rates of atrsa but much lower than those associated with explosive.
The form of he wave was deduoed froa the statio stress-strain curve and was
shown to oosist of two parts; frzatly a wave of elastic defoation of
mapitude equl to the dyoiO yield stress of the iterial is prop~ated with
the velocity V# discused above, and seondly a wave of plastio defrmatio
propagated with a lower velocity calculated frr* the slope of the stress-
strain curve at the particular stress. It seems certain that the wave of
plastio dfcwatica dseolopa into a shook wave with a stoop front ainoe
Table nI above abovs that the bulk modulus increeses with pressure, so that
hiSher streases are propagated with ever-inereasing velocity. Quite clearly,
interatomco forces will reduoe omprpessibility at the wry high stresses
associated with detonation waves.

The shook wave velooi~y #nr associated particle velocity can be
olculated from the eouation. of continuity and muientm a-ording to the
original method of Rankine and Hugoniot

o(Uu) a Po U (oontinuty~)

where po a initial Asaity
P N final density

U a shook wave velocity
w particle velocity

p a pressure j=9 at shook front

31oe p can be obtained as a funation of p from the above euatons, U
can be obtained as a furition of p. The relationship is shown in Table M
below iAn fig. 5.

Table I

1011 4650
0 4800
15 * +930
20 5W5
25 *516

Loa,



Sioe our knowledge of th 4yasoc stresa-strain relationship is so
. scanty, it is difficult to predict the shape of tbe stress-displaoament curve

between the two isotlnouitiea. It is assumed that the curve is of the
tam sha n in fig. 6. The statio yield stress coan be taken to be about
7. 7 x 109 4ytae/A. 2 and there is acme avidoe (6) that %he bmao yield
stress (rD) is rather higher and possibly about I0h0 d tnem/icyil

It ba been pointed out above that the shape of the stress-tize curve
in the steel is of primry im.artenoe in determining the oharacteristics of
tbe scab fomed The shape is datervined by two factoras firstly the
shape of the pressure-tLse curve in the detonation s m, and secondly the wky
in which this is modified by the steel. The infarcation an the shape of the
prossLuro-time ourve is rather scanty. It can be ass d that the rise to
the peek pressre is essentially instantaneous and the usu aceted
figres are for TNT 1. 4 9 x it and for plastic explosive 1.63 x l01

Hill and Pack (16) have investigated the problem of the expansion of
gass behind a dotoraing slab of explosive. They considered the two-
dimwnaiol case of a slab of T.N.T. of infinite length and breadth but
2.0 am. wide and obtained values for the pressure as a funtion of distance
behind the detonation front at various distances from the axis of aymnotry.
In particular, they foun tat the pressure bad fallen to about ome-tenth of
its initial value in a distane behind the detonation front equal to the
oberge width, so that charges of lengths greater than this can be regarded

ea cfectively infinite; their results are shown graphically in fig. 7, in
wtic the figures on the curves indicate the disitas in om&, frata the obarge
axis in each cose. The differenoe between this oae and that of an infinite
cylinder of explosive, to whiah our charges usually approximate, lies in the
introduotion of a third dimension. However, the problem is then symmetrioal
in the plane at rignt angles to the charge axis, nd we sbould expect the
&hope of the preaure-distance curves to be much the same as those of the
two-dimenaiorml case. The -in iffr'owe -lst be that the pressure fa.ls
off ware rapidly with distance from the axis. At least we have a qpalitative
picture of the variation with tim of the pressure at the explosive-steel
interface; we expect the stress propagated into the steel to be of the ae
form but modified in asgnitude by the boundary condition--

If we knew the exact stress-tie relationship of the pulse incident on
the metal surfaoe, we oould, in feot, solve the problem of the propagation
of the stress throj4h the steel, ssming the oae to be one-dimensional and
provided that we had also a coplete naledge of the nomio stress-strain
curve and neglected all attenuation effects. Chorlton (17) has carried out
an analysis of this nture for the plane-wave oae. In this analysis
Charlton used the method of oharacteristios due to Bohnenblut (18) and
determined the stress-tuin pattern in a laterally infinite plate subject on
m faoe to a stress pulse of two different hypothetical types; the first
ws a finite pulse of constant stress and isantaneous decay, and the

•wai a finite puls of ocastant stress which deoayed exponentially. he
also asimed an id*alised stress-strain orve of the type shown in fig. 3
and poetulated various types of attenuation of the plastic wave which seem

physically unlikely. In view of the asmaptions •d it is not surprising
that the results obtained are in pow agreatont with experimnt. Even if
the asomptims necessary could be allowed, the problem when extended to
nie then am dimension be a tsso mathtiolly Intractable.

After interaction with the steel surface it has been shown (9) that the
initial pream re in the steel is about 2.83 x 1011 dy rae/c..2. The beet
aosumtion that con be made at present in that the shape of the stres-trn
curve is qualitatively sidmlar to that obtained for Tie by ill nd aok (16).
Moorly, in the ease of the three-diimnsionsl problem, it will be extramly
difftoult to solve quantitatively the problem of the shape of the stress-tius
curve after travelling a given &istanoe Into the steel.

'-6-
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It seem that the shape will be modified by tee effeot o-

8ex tt, epino o the Wv In "a stee
bty n by unloadin waves fra y ehind

a reucton n apliude4beto wock dami.

the o]&Iox with the propaastino of uloading wavs it is tually asumed,
e.a. Cb prt( that they behave as elastic waves and so tend to overtake
the shok wmve associated with plastio def noati n. %I can be sea tfra
fig. 8 that, SIAM e prmanent dOfcWatinO La LZWolVed, an uMloading WaveO must
travel faster than the sbork fout, albte it way not reach the eastic
wave velocity andayo hae the aw velocity for al valse of the stress.

Athe elastic wee 'to as up %the Oo wae attenuatino mot tab place.

The experimental ob ective was to 6stypaine how the filowing t antities
vary witb obrp dinansins &ad plat- tiakzmas when cyA4ndriol obrer0s of

abstio explosive are fired again s steel plate-sb

(1) The volocity of the plastic wavt (in thisashe a shook-wave) tirnotg
the atel

(2) The volocity of the bsokrwfce of the plate and its variatin
witbh tdsta)u wver distance& up to appr fa tely 0. nLu.

(3 The e ot mensons of the soab fanwd and other damge to the
plate.

3.1 Dordin Tobia

The ssential requirement in this type of wok is an instrment
capable of measuring etrmly abort-tuin intervals aver a period of
ab t 40 aic'oeeoveds to within 0.01 miaro sonds. S ven the bet of
the oveaontional liner mep oaillographs give tra es which are not
capable of uab high resolutin. The spiral-trace oillotapt,

lreetly developedtin A.. ,e ha en~tm fo 2mi nd to epriual uted

to the eating requirments of this work and has been used throughout.
in this oiloWaph two ain e -w es of identical freqpanoy, but 90c cut
of phase, are applied aimultaxeously to the Z Wan I plAtes. The
alitude of the ofk-la tin is steadSy dbocrease, at the Orhse as
the hoe brighteing pulse is applied, thus producing a spiral trace

is-er~A4 used, the imle4 e rev'1i wa 2n mic.0oends aA hed t

starting true the dp of the tube an ing inwards. In the partioular
==br of revolutious about 20. The centre of the spiral does not lenditself to eaq si' unt, but there ino difficulty in seasring up
to 30 mioroesconds to t 0.01 microeoa. in our expewixmts the
majawinent of time intervals didi no becas a limtift factor. A
meo" advantage of the spiral trace ina the greter *aso with w hiob

~1rewdsam es hemasured oaqere4 with a linear on; by vro~ecting as

UMat the trac Go to a oirclor scale radugtd in 200 divisi s
each ropseenting 0.01 adaroseond , M W interval o it cn he reds off
dir*Cty Tb3 speilly diisi d single shot onra sgployod for
reowAvjlg trames incxporetod a Wray 2 In. ff1.0 lens MAn Used s4t-adr
35 YA*. film. flfcs' 5% 91 file developed fcr 5 minuates at 2000. in
IdA 33' okave asftetry results.

As in other methods ct electrnic tims recording, the paticula
events to bc o ro4mas -t be acuertod into electrodec pulass which
are tben suitably Inj~ected Into the recording intrant. The puses
were obtained by --sing as events the oloctng of electrical circuits
ontltnift reSistAns OAn ctaaity. The typ of circuit used is
show disapwsntically In fi&. 9. valus of 0 *300 Vt end R2s 100 otas

L~-7-



Seve pulses of suitabl &irtian. 21 is. a high resistance (I mam
and th ILC. voltee is suitably 1 300 vata, its sign 8eteuaLztVn the_-
sign of the VuLw es 4mpoi. 0 Is obax~d througha 91 by the 300 valts
uppj "rd thereafter no ourre n xaa. On olosing the gp (8) onae

pa te of C is earthea and a high equaV jlse ise lo.d in the
ft - 0 oifrait. bs pulse, js traamtte4 to the reoe4ng insrumt..
by cossial amble (A). It is rcmry totezslnate A at the oscilo-
rapo by a 100 ci resistance to earth, to pWrmozt pdl" reflection in

the able.

Tb. pules pw, boed in this way are inj.ectd into either the p14
ar estbods of the othode-ray tube and appear an the trace as abort
lengths of bemri-gbtening or suppresaion, aooccdiAg to their origizal
sig and their point of application to the osaLllg hpb. It is
oomwaleat to produce a squene of events alternately positive and
n*&tive so a to hae a seem of pertially 1Mntif~ring oaoigloph
emnts with aotual events.

The osallogramph is triggered by a larger ositive pulse
( -. 100 oms, 0 . 0.03 sj), about 2 microsoonds prior to the first
e"at. Tl e mg t-1 eily tr:amrs the sweep and produces hem
brightenia4. The overall delay in triggering is about 0.2 nairomeoond.
A typical trae is shom in ?-ate I.

3.2 The jq!rle

rtw care oi atei --' rolled Parer cylinders filled with plastic
explosive by han-stamag; no. 8 BriWak atonatre were inserted about
I in. into the end of the charge and hold in plaoe symetrioally by stans
of a well-mas wood block. The charps were fired hoizontally and
were held in ontact with one of the masohined surfaoes of the steel
plate either by supprmtig an V-blooks or by meaw of Durfix.

The stool plates used were of mild steeol and hed properties sboon in
Table WT below.

slement plate Bar

CX~ O.1$

c or.id
Mi 0.05 o,19
or 0* % 0.00
No 00 .01

ad lplat Sar

30 .1& 7 126

It was feMd lts tha %e ersti in Wprwotiae did not appeciably

offtt t the reomlts btaiA . The platee were all eq ee eA mObia*4
to give .wtaces nlat to better tbn 0.00i in. Tb dimnsioca at the

Plates wers varied with the 41moter of tto orge to matain an

-8- Ii
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offotiv*4. 1nf~Iite plate, as bow in Table T below.

ciars* Dimter PU VZ ODS

2 6
3 12

Tb. oaminatios of obarge diUunins &An plate thicksses are

abomin Table VI.

Table V

I lin. Ii.
2 ins.

2 in.

2 1a 0.2 in. tin.
0.3 a Inam.

liii3 sin&.
2 ins.

S in.in
2in..

__ __2 ins. - 2 Ins.

8 2 ina.
3 ins.

3.3 The Zvu Sl-

Tbree types of @e et were roqjaire4d -

(1) The Trimme Event

This omsisted of & G.B. bead, mblab is sentis.Uy a pair of
ivAmsitad ocpw wires twisted togethexr end mounted in plastlo so
that% lb. bare on"s of tb. wire are alose together and flumb witb
tb. plastio surfaoe without atually being i.n elatrioai cotact.
As *ts detomtion uav*, wtdob cotain. icnisod Stms pass tho
diteetoa, tb. wires are effotiw3..y short-oirouite anid tbus pro&mo
a palse to trIgpr lb cohles Tb. detector wa Inserted
into lb. obarip through a hale in lb. paper tub~e at a distance from
lb. stool plot* to give tbe carroot delay.

(Li) ri W venou

The arrival of ths dslontion wav* at %be s4rfaae of %be plate
its datectod by placing a loegt of eawwled wire between tb.
eapicaive and the plate. Oni arrival of the datonatiou *a"e at



the plate the wire was shrt-cir uited to the plate w ah was
earte&d Tbe eat comodaonally ooourred presaturlsy or was mased
altoptbor; this was attributed to as jets between the explosive
and he paper tube. The diffioulty ws elmlinated by covering the
wm" n e the od~p of the obarge with plastione.

(iii) Tb. Probe Xvents

The movsent o the face of the steel plate was followed by
nosni of wire probes situated at various distanos fro the plate.
Two sets of distano e wre generally used as followsi.

(a 2, 5, 10, 05, 20 a" 25 thousanths of an inch.

(b) 2, a5, 50, 100, 150 and 200 thousandtbs of an inch.

The probes consisted of short length& of about 0.5 I" of
22-pug oopor wire soldered into holes drilled axially into 6 ft
brass arews. The screws were mounted o Tufl shoeets in boles
taped at on anrgle of about 700 to the sufaoe, so that the ends of
the wires formed a smll oirole about 0.3 in. in disiter around
the axis of the ochrge. The distawos of the probes fr the
plate were ooourately adjusted by we&= of feoelr gouges and they
wee then secured in position by aeons of look nuts. isob probe
fored part ot an event oirouit, the steel plate acting as a ommon
earth, so that as the steel plate toucbed each probe a pule was
produoed on the oeoillograph. The system is shown diagreaiatioally
in fig. 10 and a typical charge is shown in Plate 11.

With the 3 in. oharges ae inforuation was obtained by using
thre rings of probes instead of one, to investigate the various
velocities as a function of distance from charge axis. In this
case the probes wre all ncanal to the surfaoe of tbeTuno plate
and the rings had radii of 0.25. 0.75 and 1.25 ins. loob ring
was coonnoted to a separate osoillopaph. The wire event was
replaced by three separate wirea, one along a diater of the
charge and the othor two parallel to the first but, respeotively,
0. 75 and 1.25 ins. from it. The trigger event was used to trigger
all three oscillgrop hs. Oampliostions aroee with the nomsal
circuits because the omson earth system and olose proximity of
leads aused all the pulses to appear on all the osoillographs.

och set of events had a separate event box, each being isolated
frm the others and the earth points in each being oomoted to the
real earth point through a high resistance. All the bmes had a

mtrioal oomstruotion. A separate earth to the plate was used
with eob set of events and all the leads of one set were twisted
tepther. The three wire events were applied to the grids of the
tubes of all three osoiulogrptoa to All tim qnobronization.
The puls s rr" each rift of probes wer applied to the cathod of
each tube. Probe distanmes of , 10, 25, 50, 200 and 0
thousandts ot an inob were used with these charges. A typical
charge is sbolm in PAte III

4, lAwrmntl Ret-s*

It sees 0 little value to tsbulato tbe waea iSSO nab 00004=106 the
swtea aiaplsmia at the seel plate. Tbese results are sbaim srPepoal
is frip. 11 to V,,. ?be derivatian ft-M tes results at both tbe veloety
a spttuda of the stook-wave eqAres diSaMSI, and the values cbta
areSLve &WAAS the 4IsouASbM iA Table I.

Tke relming observetiom ny be " en to disp1laato-tiae gapbS.
The omlim im introduced by the frtacure proms& mWk it JAVOmsbl0 to

-10-



atac t"OdINtal APeIONOW. t@ thewsocitY Ot the fsorwe U.- the wbole
disaw, whie the mAVtlosaf ot tbe inditial pert at the a is. diaesaed

bolM. to pSnwsl featurve ot the ow. howevr, a be kri*d.. The
COVS .m eb ah w the axim, of the charg over the furst 200 x W>r In. never
sao a smrke At scoutboi at rv point, althwugh, if we oogwider those
plotted ae t firs$ 25 x i .0" , then a asomtiudty is deteOted in
several csaes. te curves ar. either lnea or shoe a alight aoselerstion
over the reglam 25 to 200 x 103 I., the latter alternative Wein most
apparent when the charg legth is mail. toi a given charge ditmao r, the
Qs~ ct the an-es beooom greater ith ascreasing plate tbid*bsa and
noresing length; but in the latter case they tend to a maximu valu, eqwl
to the Initial slope, so that th eff**% at l gh is mll after the ratio
a oharge length to dimter beos appmtnlastely two. In generel, the
411VOs do not &asLe; for owvle, a I i long by I In. dieter charge
against 4 1 In. plate rsults, in a much sller veloity than does a 2 in.

iMS t 2 In. dimmster charge against a 2 In. plate.

In ou experimmts Inwovii thee occoentrio ringms or probes, we were
able to obtain saw data oncerning the variatio of surface velcoity with
rodial distance from the oetsr a tbe plates. The three distances obosen
wre 0.25, 0.75 an4 1.25 in., sad in dsocribing the results it will be
cosrenient to cll the sets of points, orresponding to these distances, A,
B aMA 0, resactivaly. The rtsults are shown graphicIV in figs. 15 to 17.

OuLy am result Wes obtained for a 1IA. plate, and that with a charge
2 ins. Ia*& The dalplaicumnt-tm cwes show that the points A and 0 mo"
with the saw In velocity over the IIrxt 0.2 In. After this the veloity
at A reains consant up to O.. U6, but the volcoity of 0 door*&"* Aligthtly.

A differenc in velcoity ow point an the msrface relative to another
ldi ts a ohange in the curvature of the plate marface ith time. This
effe*t Is independent ot the alight suaes ourvature prod=wd by the non-
planarity at the shook-wev; curvature at this type is soon by the
displaomet of the urves along the time axis, The massurmts aoo d
with the fact that the final sa is almwot flat over the region of the probes.

The covea for the 2 in. plates indicate that far each charge length the
vsiceities at A, B and 0 are cntant and e*ial over at least the first

0.05 In., s ltbcagb their maguitudes depend on the charge len~gth. Hoe thbe
plate suwftos, ove the wea oft imasremnt, moves through 0.05 in. witbout
change at curvature. Subsequently the velocities decrease, the change being
peteat for points 0. The results for the 4. in. long oharso (fig. 16o) show
that the sae hqocwa inore ingi ouved over the distances 0.05 to 0.4 in.
On the oterbn d, the 4ifference in velocity between points A and 0, for an
8 U6n.w o curg (f~g. 224), is only smll, so that the rate of increase of

caviture Is also comaratively ll.*

The velocities at point* A, B san 0 In the cse of te3 in plates are,
for eab legtbh, lnear And oiqal ovr the first 0. . As before, the
vloltios then dere..., altboogh for both the 2 in. and 8 in. long charges
the decrease for point A Is qpite mall Points 0, however, underao an
apprciable dro In violocity, follovd by an increase, so that after 0.06 in.
their reloolty is again about eqpal to that ot A. The *ff*ot is observed in
both ases (figs. 17a =A1).

In easeting the measarnts m n the damage to the plate, we have
abulated in Table VII the folliig 41 wicas- tbe diameter of she bole

left by the sab, tbe tbides, at the scab at the .4p, the thimess of
the sab at te mtre, A the depth at the crster formed at the explosivo-
steel inte'rface, for asob cams$1 of obarat ad plate. The first three
q9atties hoe been exprsed as the vr s l of several esuroimts, and
whe a than me exm cC e W partioal obarge-ptlae miation has
bee obtaine, the wanes given are a mea for those esseples. The error
smecoslted witb the sash tiokness Sea wants are in all cses It 0.05 as.

amA I& s he cSter depth about 1 0.02 a., *bU* the scab diaster Is liable

to as er ION at S 0.1 Ga. -



Vlato ar Obar arge Depth at M tokaa Tb~ a
Th~~a~or ofe Scabt aew of Scab-at(akoa (jmauw (h440b Om.tor atb t 3 4 at Ontr

1 0.26 - 0.22 0.27

1.5 0.40 4.2 0.26 0.36

1 2 0.43 4.2 0.27 0.38
0.48 4.5 0. 0 0.40

. .41 4.1 0.25 0.35

1.5 0.94 7.2 0.25 0.60S2 1.04 7.0 0.25 114
3 1.10 7.0 0.26 0.90
4 1.11 7.0 - 1.08

pi - 10.9 0.3o -
S2 - 10.6 0.26-

4. - 10.7 O28 -

. .6 8.0 0 0.65
2 2 0.67 7.3 0.52 0.62

3 0.82 -7.8 0.53 0.47

a 0.92 7.8 0.54,. 0.45
1 0.66 11.3 0.48 1.2

S1.00 13.0 0.56 1.2
S1.55 11.9 0.51 1.5
a 1.58 12-5 0.74 1.7

1 , 1.o7 13.1 o.68 0.903 8 1.50 11.5 0.8o 0.80

?r each ase we have shoon diaramatically in rino 18 to 23 a oross-
aetiai through the plate taken along a oharge diameter, in order to
lustrata the main feeturs or the damage pattern obtained W the seel.
It will be Ouvenient bereto esxaarise these features.

(1) The Okator

The depth of tbe orator at any point may be onsidred as a mane
at the total impulse applied to the plate at that poAnt. A conaderation
of Tablo VII *home that the orator depth, whioh has in all cases been
memaured on the charge axis, rands, for a giwn charge diameter, to a
limiting value, which is reached when the oharge length to diameter
ratio beose a pnciahlay greater than unity. We ee also that this
limiting value is appri stelo- proportional to the charge diameter and
that It Is lttlo affected by the plate tbi sa provided this is not
v wary 1U oampared with the charge diameter. Moat of the orater& are
omeicel in shape. The only case in which a direct ocoa iseo can be
mdOe with Rizbart' s results, quoted in Table 1, shows good agreseent.

(a) ter at Scab oe

It the plate thicnes to cherSe diamter ratio is maintine4, then
the sab Mamter is rougbly Wopwtima1 to the oharge ftamter, the
tooter of proptionality bein *bout 1.5. The diamster decreases
!pmawat with decreasing plate thiakosws for a given charge diamter
but appear* in all ases to be independent of cbarp e-th. The
vriation of the ratio of the 0iaator of the s&cab hle to the dsmtser
at the charge Is belleved to be ba to two asusess firstly, the

-I!



2Atdwmleqpu~ca atthe shb-wa" in %be steel Ad, seond4y, theI

(3) The gab Thikmse

This. quws~ity is at parti~lar Interest as it can give on Indicatio
at the sape of the stwes-vae wo pte4 through the plate. It is
noticooble %bat the thickness VS the edge is *ppr~astely oonstaut for
a Stio U * thlakws, rega:4ls of the charae uased, and that it is
roughly proportional to %he plate thickness. Further, pwoid the
aberge diaster does not exceed the plate thickness, the scab thickwes
Is roughly izoifoa over' the sab aresm. On the other baud, when the
*ban* diimter is "eter than the plata thicknss, the sah is by no
mas of unifoca thikmss eAn is uab thioker at the oentre. The
thiknss at the ontra is dependent on both charge length and disaster
.*II there is aw indication that it reaches a aimm value at onstant
diameter when the ratio of obiarge length to diameter beouma "reter

thban unity.

In addition to the main scabbiqg surface, other fracture surfaces
aon developed in the plat#. In pertioular it was noticed in the

3 in. platws that fratures parallel to the main scabbing surface are
evident and are particularly well developed with the loniger oharge.

In general the fracture surfoces are coarsely crystalline in
appearance for the material out frmi bar. in the few oasem, where the

ste a u rmAi. ltteftr ufacesorenotcy ;aln

In mpprfee ofd finel to fataldeine plaane os in theeil Th

*d~posbl e tato the frotur hperae as the abbn eueelaclwe,'

,t %sbee % they abe tht rwl te of ild teak& tis m bjedt
trans*.a wths tae thge& plitud obtwied iso aoo pte tih the

4 M ml, yin stres , tof dseringfatu re*. I oafew inohe stel
Tefinetdo theeo a ane~lytd weualn to~rne uei the o~ni il ter ofd
i hs seabit g sualto te ea sis so velaiy for) t his isge fare

ad It f is obl th t m thefatr hr 0usin6obey odo.

It be* een swn ar thatsde whe hapen ohe mil stess wuaed toi

o fnit ostreswve stes aplrtudeiog whc is sufch ae r han the
.oItl1 of0 yeld prar" stV) the dmarfacu~s e re that~ t the r saieel
Thefists o aa ald he s anlet napllyasa enio o equal tote ymi iitrdes and te
ies vlty a* eqal~ o the paticay veloty n*) teronThroug wiis the
bya aiCA has t wahlleh is vs that fote oapesaude stresh continaiey
is plittainwithe dstanfe will nov OKt with a clostwihlestant veoit ult

tIe tie paoe locy o**wie wth tapnhe a stress ave bfei
Wreflecti (a) free Surf he 0L ariWn " t n& For priua pae i coinuity

OMiteonuil of Opmnt a t st urfs oquto tD i t %bleedb oa 55001

%*MC*eastmt of macbo groter tatd the wWOh ai i stesse is Mintained,

isto s se that the surfsne will first more with a velocity determined by
MA an sbsequntly cmnge its velocity abruptly to one 4eteradrad by p.



ft" to Ak. Svpb~e.)1U U0 t%&. *4, $A *bab awtas diaglammat iIA~pote
ssmawt *is.; th 41saasinst awe a ti. sa & tk. 1*-t0A position ct the
srface4and the tS. XWO 10 m- -y

2ue tim £0terIw *a - k grospest the Um between the arrival. ot the
t"o #disoaatjt* at the surfece aends up= the ftataom trewalid
throtio the plate. The slope* TM~ sAd 1V', t"p.5S2tift the surtae

vocity due to reflection of the elastic, wae" andL abock ywa respeotivel7,
ae Sive. bty

-2 t

' a OB

wher. ug and u3 mas the partiole voloaities OSOa~dato4 with, the elastic wove
and the shook wves it bas boon seen that, in genieral across a discontinuzity,

so thet we sy write 
-PO

VP% 2 YD

where in the seonod Ogstion we have n9glected MzY effect due to thel elastic

It winl nCW be convenienzt to take an explicit eZaauple. Let a single
paedisalotirsdty of finite oWzesiv* and imintained stress p (who". p

"TD be initiated at tUAW t w 0, at a distance d from a free surface so that
it prOqa~gptOS nomlly towrd it. The discontinuity will ho divided into
two parts, being the elastic and shook wavvs. as we have Sesa. Using the
faolloing data, in v icta the cho or Tj and p is dictated by experimental

yD j10 4yr,4/q, 2

./ eo.2

it is found tbatz-

a ,3microseconds
t * 10.00 aicrosecckds

am *..25 A./sec.

The igpaosmmt of %he surface at MMn t is thee 3 6.4 x sor, ma.,
and In &uuel 3 Is ditlyt uaaprtic1Wl to 6- Us hew t~w2b*'t
Vegleeted the affect of the elastto wew cc tbe shook wave MA .rMe AW 
err o lAUVoded to he aglgible It f.)Jsa fro these oa.~rtiona
that gtven d ad bmwims M tauwhl Qt""~6-4£00 Ouve reoat,"e tO
t a 0 eoimy lAUlteT3 VA V. 1andu p_ tan fi# ~ bank, Itfo bow
pelts a"~ over the rwrW tawme4 Iy the ohook lw v, tha 1*0010
directly 6tsmta the value U ft'M OWti WePb w, "oee, ftc.W
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6a0 140 at oe wtxmt the 'eato Wpart' of the asv and
tbasm by extreclatica ot t.# 'gbook &ave part' we am clolat. U.
urtboenwe, even tbom& the Talaes of VA -m TD may be immbs unertain,

tie error iStrouo4 into tb, tim oo-qwte of the intereeotica of tbh
tWo OeWt f the aV e (4) is oaldermbly maller. We tae taken as an
example tm values

YX . 60M ./,s AIS at 10o a./eo.
- 1010 4c o e/ 2 ; AID :t 0.. x 1010 4w#/0O2

therefr.e Yg 42. 5 a./meo; u .8 ,,./eo.

and thenme e * n gepbicaly that

At& . ! 0.06 O8.

In genersl, it follos th t U will not be in error by owe than 0,$ from
this. GsUM.

The Wqtem so far d .alt witb is an idealised am. In o= eporiments we
have detonated a cbarge of explosive of finite diasics againa t a steel
plate also of finite dimensions. We have recorded whet we consider to be the
arrival of the detonation ove at the plate murface, ir the centre of the
charge, end referred to this zero of time we have reoowdd the arrival of the
further plate surface at points of predeteantLd distance from its initial
position and * ht displaced from the obarge axis. We do not doubt that
the lateral dimen iom of the pletes in all our experiment* are effectively
inflite. The length of the obargo intro&ooes a non-pismrity into the
detomation wave and tbrefore lso into the stress wave tbrougb the pate.
As a result the aurfaoe of the plate woves first am the axls of the charge and
aubseqeently at distanoes fro this axis. We correct for this effect by
determining graphial.ly the difference between the tines of arrival of the
shook wave at the surfaoe, on the axis and at distances 3 ma. and 6 ma. from
it. The"s distances correspond to the radial displioments at wthob we
measured the surface velocity In two sets of ew rimz**. The o loulation
is made for each charge and plate omizatiul, asoxmiug vuI of the
deot ion, velocity VO m 7800 a./mec. and shook-wave V a 5000 &./seo., ad
using Iug' a conatruction for the wave propegtiona. The %ime difference
ti tben subtracted from oc wxperimtlly deternined time of arrival of the
shook wave at tbk plate mswaco, to give the true time of traverse thbr agh
the pla te. The correction is mll and in most asses less than 0.03 micro-
second&. We belt.em that any non-planritr of the wave wifll not sufficiently
affect the elastic wave velocity to introduce an appoiable error into our
elhod of cho orks ve velocty calculation.

The good ap"ment found between the theoretial and exerintWl times
of arrival at the detonation wave at distanoes displaced fra the charge axis
is gxd evideac that the time zero is reoorded correctly. Table V11 shove
the tAs of arrival of the dotomation wa" at distances, d, from the axis of
a alinalr explmoeiv 2 ins. bmS " 3 ins. dltw, detoated centrally

Tim (e a ) m (theorticl)____ ___ ....______ ____ (us)

0 0 0
I 0.75 0.1.3 0.44

1.2 - 1.15 1.17

We oacuib that sq error in the tUme saro Is dne to the recor g
temtqsi aen is about I 0.01 wAcromeooads.
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Our mtbod, of &book wave velocity dearmination depends upon an
extrapolation at te maens displaciament, dee to ahokwwave refleotion, book
to tbe tiae t8 Varespondin to a diaplaosomnt in the two-inab plate cas. of
shout 6.4 W tO ma. a in those cease where we bave measured the
displaount time at 5 x W-3 in. intervals, in order to make the "trapo-rltion wo gust be able to "sum that the curve is approximately linear over
the first three or four points, If we are to obtain reasonable aoouratW in
our result. This is prticularly true in view of the substantial error
associated with the displaoement measuremnt. In general ttw inaocuraoy in
the location of the probes used mst be at least 1 0.5 x 0-- in., and using
this val, we have estiatod graphically that the error in determining a time
oo-crdirnat by linear extropolstion is about 0.03 microseconds.

In order to daterine ham for the curve is likely to be linear, that is,
how long the waxinAm strees in the ahok wave winl be mointained, we nmst
onasider the phennon of scabbing. This has been discussed above. The
point of imortance is that in the time taken for the abook-wave to travel
twice the thiokness of the scab, the pressure must have fallen by an mount
equal to the tensile strength of the material; the statemet neglects
attenuation of the ahook front at the surface but remains approximstely true.
For plate# 2 ins. thick we hae never observed a value of sceb thickness less
than 0.40 ama., and using this value we find that the tie taken to fall by
about 1010 d e/N(.m 2 , which is an approzimate value of the dynamiO tensile

trength given by Rinehart (6) is about 0.7 microeoonda. Assming a
stress at the wave front of 13'4 dywg/am.2 * we onclude that in this sase
the areas falls from 1011 to 0.9 z 1011 dynom/cm. 2 in 0.7 msiroseoonds, the

esponding tace veloitiea belg 500 and 4.50 a./seo. respectively. In
thisa time the surface will have been displaced by 12 x io03 in. Te may
expect then that the displaIeasent curve will be approiately linear over at
least this distance, #nd a linear extrapolatiaon over this disatane is
Justifod. Subsequent behaviour is ocnplioated by the fracture process, .ind

a ore wuble to derive te expected surface behaviour at later times. The
considerations given, however, Jaatifly oa extrapolating from imasurements
made at 5 x 1O" in. intervals over the first 25 X 10-3 in. Onq the other

hand, if' our first imesarameant is made at 25 x 10-3 in., ,e have no
Justification fr extrapolation unless we have deterained empirically the
sbape of the ourve over the first 25 x 10- in; even then our extrapolation
Is liable to oweaiderable error.

In addition to the experimental errors already discussed, we have" an
umnertainty in the absolute value of the displacement. The probes them-
selve& are pliced at intervals which we hae stated as subjeat to rn nrror
of 1 0.5 z 10-3 in., but owing to the method of support, there is a
probability that the whole probe qste ky be aoved relative to the plate
surface after setting up the exporiment. This is likely to introduce an
error o I I z 10-3 in. in the absolute displaoement vaile, with a resultant
error of +± 0.05 mioseeovds in the time deterwinetion.

fras cu axperimental results wo bae selected thots amass for which
udeem Justified a linear extrapolation of the displaoment curves, and for
these ceame we have mado the correotions idicated and determined shock wave
velocities by the istbod desaribed We CMsider that our overall
eipareatal error ill be about 1 0.08 miaromocads, corsesponding to an
error f 1 80 a./see., 1 40 m,//eQ and 1 30 a,/ o., far deter inations
over I in., 2 ins. and) ins. respectively. The values we obtain are sham
in Table IL Of these values the nine starred o were obtained ro

curves msewwrd ever 5 X i0"l in. intervals and are the nost reliable. The
intsl ftoo veloitiea €oer the linear port and the Corresponding Stresees
ma "clalated frm the equation
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*Aft fte %boani.~, al UeMS Cof 9 01ta1M. ftQW MW plottO.4 V(P) MUMPS, 010
&.- 4VM~ 1 UP t tabl, ?be errors aasomcted vith thase values are of %be
-rdw 10 Obrg and plate obinstio witb hd ow valu s am

a~esite ~abomz with approivone diIOMISO onlY.

TAble

Ob , oter Fi . .. ..

8 3 .980 425 7.9

23 3 4860 260 4.7

83 2 50401 594 1114

43 2 50301 592 11

2 3 1 4a90 51+ 9.6

3 2 2 49501 64+5 12.3
2 2 2 1970o 545 10.3

1.5 2 2 46901 268 4.9

4 2 1 5020 63o 12.0

4 2 j 4.960 615 11.7

3 2 1 4930 670 12.7

S 2 1 50o 630 12.0

3 2 0.3 - 900 17.6

3 2 0.2 - 1180 23.6

31 1 4790 A 422 7.9

3 11 47901 445 8.3

OolnMrstion ot the starred values givef sboes that in six asses $beehe.eave velocities lie betee the values 4.950 and 5040 a./Seo. and do

no 6e.ate fran a men value of .000 5 /W.. by igznitiantly amre than the
saticialted ee3 tWft*1 ex-. . It Is notwortby that iz tbe 1 cases the
strome values lie Witbin the eane 10.3 - 12.3 x 1010 4rms/=m. except in
the ea sse at a 3 Ia. plate. Of the rmainin values two, determined
tnde the see oanditinms, bay* a valae 4790 a/o. with associated

Wvosre of 7.9 and 8.3 x iwdyns/n..*4, w oil * sebird wilb a value
40 a./e@. DoMOSPOD to a pre -w at 44.9 a I kneWom. . This
idcates that the shodcvrn. velocity doorwas with pweasure, as is
thmaretiLlly expect nd sabdons oar measued shoa-eve locities repr esent
a sa value at the aotual val3Mty ear "the distana measured.

lk O .MPeW the akse at attack of I In. ad 2 in. plotes by aarges
2 ba. ln end a 2 in. dimver. We will assme that oandMtons, apart trim
the plste tdoki@ a, &" idantical in the two cases. We ca then tat the
str.s falls tw ony a mall s at, mmaly, from 1.0 to 10.3 x 1010 4y /im,

O4, the n4b of travel, and may tags it to oves men value ot
11.1 X W #O' a/on.Z am that d2tsztce. If we sea that the &man
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O4z in. dlabaMa, we ocmo2XAO tmat the abocosoweve valocity at 11.1 x 1010drugq/0&2 is no Afftea tras 5000 xL/oa. On the etbor J
Mink if we 60000 at Si ftl~all exactly, we fin Mtl the veaoity at We1

WW* t 40 ./oa Appying the latter method in a amils -v toth
ase of att*Ak of 2 In. and 3 in. plates by hargse 8 ins. lon A ind ,^

tir, we find th-t the aback w ve velocity at a mean a "-e of 9.6 z 10 u
dyne/ca., is 70 ./seo. e oonsider thes v.luea to be just signifi antly
Sreater than the oarrolming theoreticsi ones of 4850 s6/seo. and 4790
s./se. respettyely.

We say note also that the experimental velocity of 47 m./seo. o esponds
tO A presure of 8.1 x 1010 dyn*1/046 2 , at which the teoretioal velocity is
450 a./aeo. , and thet when the experimental velocity is 4690 a./seo. the
pressur is 4*9 x o 10 *n11 and theoretical velocity 4650 m./soo. The
expariAmta in whoc obhrges 3 ins- long and 2 ins. in diameter were fired
&S iiist mob thiter plates, are included in the table. Unfortunately, in
these **"asthe sbock we velocity can not be oaloulated with great ao*auva
b#**vAe of e'lmntal limitations, but the auface velocity can be obtained
and the pressure calculated as descoribed above using the theoretical shook
wave velocity. Thea are Jncluded in the table. It cen be aen that tbe
presure in the shook wave falls quite rapidly in toe first half inoh of travel
MA is than ferly o atant for *n distance (fig. 25). It is significant
bat the first rapid decrese in ;roesse occurs in the rego whioh shows

clear oviderioe & severe woriag. It cen also be seen why the shook wave

velocity is tbe mean one given by

whereT is tbe distance travelled.

The masrem nts On the radial variation of surface velocity have shown
that in aaF partioular case tbe initial velocities of all poits, Lu the
regio mseured, are the sa*e. In tes cases, therefore, we may conlude
that the shook-wave amplitude is oonstant over radial distances of at least
1.25 in. The subseient velooity change associated with curvature of the
scab in this region are undoibtedly a result of the prooesses ocaurring nearer
to and at the scab edge, where ther mast be a surface velocity gradient.
T-i fraoturi ng of the aab edge, and also any "tension of the prim" fracture
which ight be involved, both regair eonrgy which mast be withdr*wn fro the
*aorw' trapped; in the scab by the primary scabbing process. Hence the final.
velocity, after it booase coletely datobed, will be determined by these

othta as well a by the aount at ener y initially trapped. If the amount
of work reqired to proftas the fractures is &rter than this energy, then
the sash vwi1 not opl tely soerate from the plate, ashown in fig. 18.
On the other band, the work reyirod it 4erly relted to the scab aircu-
ference, en if we **ad find a way amonteur&ing In"o a sillar ragion the
energ mVVpt#e by the ezp3.ov to the plate, we skauld WAMOse in PCOducing
a waler sob and probW ly a Siven obarg. would tin be able So cum a scab
to he detached fram a tftcke VUlse 3ft kind of wav-bW#1q inigt be
effecstv In this respect.

W-en a ab ft=31Y became 40tolmd fril 6 plte, eM PcAA ft it =06
m wlth te sam* V010o , *0 that at s e i its tc stuft it
-soa probable thtpizesertes cii be aeseleeste at *be *X~ a
o" ft," the omfe pers of th sab. I he hewiw #W M re aW I
to tia a poimis at too in. Plelee may he .ttuibmaaku t* *"as *moo*
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We eo not WI: of aVW FP.VIo MSee mment of sOeb tbioknosa Vhioa
Am" stat toi swomity am vr consOBidrably along %be soab adius
(ie. pW e1oula to the boNrp axis). this i probably dus to the fact
that mot o the pwev1osx work on sa bbing has involved daro disasters not
mmob poster than te plate thicknesa. Under those anmditiona it is true to
sa tht the sosb thickness is fairly uiform. On the other hand, as
figs. 18 to 23 slearly show, soab thickness is in general by no eas unifors.

We have seen that the saab thickness is a namire of the initial slop

of the stress displaoement ourvs behind the shook front. Luning the
plitueio at the front, we mny therefore construct the first part of the

stress ftsplemint ourv, in any partioular case, along a line through the
steel parallel with the obarge axis and at . time corresponding to the moment
of refleotion. By the term *first part' we mean over a distance equal to
twine the sab ttdaoknoas taksn alon the line. The mzrve so contructed will
not exactly represent ptbyaial conditions owing to the several assusptions
Implicit ia the method of drawing it, but it ault have real qualitative
sitnifiak e. Honoe it in use"fu to austruct and oasre su curves along

obare axis for two thicknesses of pleto attacked by similar cha rgs.

20shoes the result of the construction for the case of the attaok of
I i6 and 2 ins. plate* by charges 2 ins. long and 2 ins. dimmter, thereby
indicating the general change in shape of a given stress wave as it prooeeda
fuwher into the steel. We aamun the sam shaped wave front as prvioual)
for the make of consistenay, and using the values given for stress and saab
thickass in Tables IX and VII, we then plo the stress curves back to *
distance from tbe front equal to twice the seb thiakess. Recalling te

work at ill and Psok (16), we expeo t the axial presnure about I in. behind
the detcgtsiou tront to be, in oiw case, about one third of the peak pressure.
Our mesuremats on tbe shook wavw would suggest by tbhmselves that the
Initial pressure in the shook wave is of the order of 30 x 101( dy4nw/ms 2 .
This fiSgre is in quite good agreeniot with that of 28.3 x 1010 dinsa/ou2

quoted by Peak, Ihns and Jms (9) "nd obtained trom the detgnation
pmamwo of plastio explosive (16.3 x 1010 dymes/a. 2 ). Thus the pressure
i in. bebin the detontioa front is about 5 x 1010 dywa/cn.2. Sioe the

c&aic velocity in the explosive ad tbe shock wa velocity aro not patly
different we sy saw, for this very qualitative treatment, that when the
shbok front he. travelled 1 in. into the steel plate, the pressure st the
interfcoe will abe fallen to about 9 x 1010 dy,/ca. 2 ; by similar

reasoning it Is found that when the shook wave has travelled 2 Ins. Into the
steel plate the presse at the interface will hey dropped to about
2 x 1010 4yg(U.2. Using these values approxiaste stress-tie curves heal

ben sketche4 ig. 26. The third our" in fig. 26 was obtainad for a
oharga 3 ins. diameter and 2 ins. long agaiAnt a plate 3 ina.. thick. TbA

results are not directly ostprable but give an indication of the change in

shope of the stress-tLme cure.

It has been pointed out above that unloading will take place in th
steel plate In a direction at right angles to the direotion of proP stion )f
the shek mv". Clearly, the unloading effect will inrease as the ratio o>f

carip 61amter to plate thiokossa deoreasa. At the scab edge it is
reasaamble to *sawm that unloading effects are almost independnt of this

last ratio ind are Lndependent also of the charge length. We find, in fat,

that the soab tbickness at the e4ge is almost onastant for a given plate
tbtIM S. Vh results also imply that the slope, behind the shook front
at the somb edit, decreases with iftariSSL distance trveled. Purther, we

expect the smb thikss at the ontre to be dependant both on te oh&re

diamater to plate thiounoss ratio and on the cbrge length up to the value for

whi-- it bemes effectiwvely WInfite. Our reslts omtal these eopeota&tcin,
and it a intermsting to note that when these two vaeUs tend to the minim a.

rs9dred for &W scabbin at all, so that uxloading effects de to both the
finite lerth of the charo* and the latersl unloading in the plate beo a
mdmm, thms the saab thlokmess at the centre tends to a slaim&. value OcuaA
to the thloknssm at the edge. This type of maloe4in6 in whiab the unloading

wave *a faster than, and so attenMctas, the shook front, is to be

!V
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Mtraated with the unloading of the detonation wave in which the unloading
Mve travels with a velocity determined by the sonic velocity in the
)tonatiom products aocording to the hapan-Jouget condition and which is
t greater than the detonation velocity.

We have neglected any effect due to reflection of the elastic part of
te wave front. Since its amplitude is maintained it must alter the
;reasses behind the front all by the same amount and will not therefore alter
w slope of the curv , so that our previous conclusions hold good. Further,
Fing to its small amplitude, it seeas unlikely that the reflection of the
.astio front alone could ever lead to the formation of a fracture surface.

Finally, we may say something about the other fractures observed in the
ate. We have to remember that the total variation with time of the
res*-spattarn in the plate is complicated not only by the primary reflection

the free surface but also by both the fracture process and subsequent
CLtiple reflections fron the plate boundaries. On the other hand, the rate

attenuation of the shook wave is probably sufficient to make any reflection
the tension wave from the explosive steel interface of little effect on

6 fracture pattern. The most important effect will probably be at the
.Itial fracture surface, since in many cases the material behind this surface
:i1 still be highly stressed after the moment of fracture. The fracture
ooess itself will undoubtedly contribute to the relief of this stress, but

is likely that reflection of the first type will occur at the new surface
td further scabbing surfaces be obtained. Such an effect would explain the
cond. scabbing surface, which is particularly evident in fig. 23b and
veloped to sane extent in other cases; it would also account for the loss

layers of metal not associated with the main scab, particularly noticed
, the contre of the scab region.

The I in. plates attacked by charges 3 in. diameter are exceptional in
vinzg a hole punched right through. The edge of this hole appears to be
e result of a shearing fracture, and the complications introduced by this
fect aight be the cause of the scabbing surfaces which are observed in
eae cases. In every other case fracture surfaces are not observed within
e primary scab, and a consideration of the scabbing mechanism shows that
Loh a fracture cannot be expected. If, as is probable in these
:Oeptional cases, the conditions for scabbing have not been attained by
le tim the reflected tension wave has reached the explosive steel
)terfs 0 e, then this wave will be strongly reflected as a capression wave
1 c sa ubsequently cause scabbing at the other surface. Under these
Lzrcumst~a~ns the nature of the scab will be different from that where
wabb 4g ii a direct result of the first stress reflection.

The above discussion presents little more than qualitative views, but
a agreeaent with available theoretical data on stresses and shock waves
surprisingly good and does suggest that a more thorough and detailed

mL, ight produce same very useful information about the equation of state

Solids and the conditions within the detonation wave.

, general scab characteristics are generally in agreement with the
,dtb3ories of shock wave propagation; they agree very roughly with

SVfthe M-pirical rules that have been suggested. It is clear that
pe -tjoal ratio of charge diameter to plate thickness for scabbing is

, °g steral unloading in the plate, but it is difficult to see how this

, revented. In asoe cases lateral fractures are present without
• & having been fully detached; this is because the scab energy has

0aple tely expended in fracturing steel before the scab is finally
2.ted. Clearly, the energy required to separate the scab depends on
sob ci rmference, and it would seea therefore that a given charge

2 be able to scab a greater thickness of steel if the energy could be
,.ntrated into a sller area so as to produce a sller scab. Sane
mLijg of the detonation wave might help to achieve this. It must,

ser, be remembered that the price of using a wave-shaper is that the
' of the explosive in contact with the plate will be of lower power than
1 nov used, and also that it may be very difficult to make a wave-
pr function satisfactorily in the squash-head projectile.
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6. Conclusions

(1) The average velocity of the shook wave produced by plastic explosive
detonated in contact with mild steel plate I to 3 ins. thick is very close to
5000 m./seo. nd only slightly dependent on plate thilckness. The velocity
is, however, probably greater in the first 1/4 -1/2 in. of travel. The
velocities obtained are in good agreement with those calculated from the
Rankine-Hugoniot equations together with an equation of state for steel.

(2) Displacement-time curves of the plate surface up to about 0.4 ins.
have been obtained for plates attacked by a wide range of charge sizes. Most
of the curves are continuous except near to the plate, where there is evidence
of the wave of elastic deformation. With long charges most of the curves have
constant slope, but as the charge length decreases the slope tends to decrease
with displacement. The face velocity increases with charge length up to a
length-diameter ratio of 2 and decreases with plate thickness.

(3) The particle velocity and shock wave stress calculated from the
surface velocity are in reasonable agreement with theory and give a qualitative
picture of the shape of the stress-time ourve in the steel. The stress
decreases rapidly in the first 1/4-1/2 in. of metal, is then faily constant
for about 1-2 ins., and finally decreases fairly rapidly to below the yield
stress.

(4) The scab diameter is approximately 1.5 times the charge diameter but
does tend to increase with plate thickness.

(5) The thickness of the scab at the edge is constant for a given plate
thickness and roughly proportional to plate thickness. The thickness of the
scab at the centre is dependent on the ratio of plate thickness to charge
diameter; if the ratio is unity the scab thickness is more or less uniform,
but with thinner plates the scab is much thicker in the centre. The
variations in scab thickness agree with a simple qualitative theory of shock
wave interaction assumang changes in the stress-time curves caused by lateral
unloading waves.

(6) The limiting thickness of plate that can be scabbed by a given
charge is governed by lateral unloading. Many charges give a lateral
scabbing fracture but the scab contains insufficient energy to detach itself
fra the plate. The only obvious method of increasing the efficiency of
scabbing is to concentrate the same amount of energy into a sarller soab by
modification of the detonation wave shape. It would be worthwhile to
investigate the effect of wave-shaping, although it is doubtful whether this
could be incorporated in a squash-head weapon in its present form.
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